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Enhancement of
Photoluminescence
Characteristics of Dysprosium
lons in Ag-Dy** Co-doped PVA
Network

In this study, Dy** doped and Ag- Dy** embedded Poly vinyl alcohol (PVA) host
were synthesized at specific concentration of AgNPs and at different
concentration of Dy*"ions using chemical method. Spectroscopic analysis of
silver nanoparticles in such polymer host revealed a distinct Surface Plasmon
Resonance (SPR) band centered at 426 nm. Absorption and
photoluminescence (PL) spectra of DyCl;.6H,0 in water solution were recorded
at room temperature, as a function of Dy** concentration. Prominent emission
bands from Dy** ions were observed at *Fg» — ®Hiz2 and “Fg — ®Hys2 under
350 nm excitation. The emission cross-section (Gem) of the transtion*Fg, — ®Hya)2
have been determined for doped and co-doped samples. PL analysis of co-
doped PVA films demonstrated that the presence of silver nanoparticles
significantly enhanced the PL intensity of Dy** ions. This enhancement is
attributed to the strong local electric field generated by the SPR effect of metal
nanoparticles. The Commission International del'Eclairage (CIE) chromaticity
diagram has been used for investigating and observing white light emission,
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with all co-doped samples having color coordinates in the white range.
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1. Introduction

Organic luminescent materials doped with trivalent
rare earth ions have recently been at the focus of much
attention due to their potential applications within
photonics, for instance, light-emitting diodes (LEDs),
optical sensors, and display devices [1-3]. The basic
physical properties of trivalent lanthanide ions have led
to much attention being drawn to these fascinating
materials, which consist of a general structure of a
lanthanide and an organic matrix [4-7]. The fascinating
optical properties associated with these materials are
attributed to the characteristic intra-4f transitions,
which cause a sharp band and emission and are weakly
reliant on anions, as the 4f orbitals are shielded by the
5s and 5p orbitals. Host materials are essential when
studying fine optical materials [8-11]. These materials
exhibit good chromaticity and a high luminescence
yield when activated by an appropriate wavelength.
The photoluminescence (PL) observed in these
materials occurs by the f—f or f—d transitions of Rare-
Earth (RE) ions; the strength of the PL is dependent on
the host matrix's composition and site symmetry [12-
14]. Compared to other inorganic complexes, polymer-
rare earth complexes offer additional benefits such
transparency, superior mechanical qualities, simplicity
of production, and design freedom [15]. Along with
semi-crystal structure, polyvinyl alcohol (PVA), with
various other advantages over other polymers like high
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mechanical strength, process ability, chemical
resistance, solubility in water, high charge storage
capacities, and high dielectric strength, is extensively
used in the fields of contact lenses, synthetic fibers,
paper production, textile materials, coatings, and
binding agents [16-18]. Due to the absorption cross-
section values close to zero, the emission efficiency for
RE is very low. Various methods are being used by the
scientific community to counter this restriction. The
most effective method for increasing the emission
efficiency of RE ions is embedding RE with metal NPs
[19,20]. When metal NPs exhibit SPR or LSPR, the
electric field around them is immensely enhanced. The
process enhances the electric field of RE ions around
the metal NPs. As such, the RE absorption cross section
is effectively increased, which amplifies PL [21]. The
application of such phenomena to RE-doped matrices
has been helpful. The effect of LSPR depends
prominently on the size, shape, spatial orientation, and
coupling distance between the metal NPs and the RE
ions along with the host dielectric [22-26]. The RE ions
within a radius of 10 nm from the metal NPs feel an
electric field that is stronger by a factor of
approximately 100 compared to the incident field. This
modifies the spectrum characteristics of the RE ions,
increasing their excitation rates [27].

The trivalent dysprosium ion (Dy>*), which has both
blue and yellow emissions and intense luminescence in
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a variety of lattices, is one of the greatest rare earth
activators. These are necessary for the production of
white light emission and are helpful in light emitting
diodes (LEDs) and optical display systems. By
adjusting the yellow-to-blue emission intensity ratio
(Y/B), the total emission in the white light zone can be
determined. The transition *Fo;» — ®Hjs/, is represented
by the blue emission at 480 nm, the hypersensitive
transition *Fo, — ®Hj32 (D; = 2) by the yellow emission
at 577 nm, and the transition “Fo» — ®Hi1,2 by the weak
red emission at 670 nm. Generally speaking, Dy>"
exhibits three distinct emission bands [28].

The present study investigated the impact of the
PVA host and Ag NPs on the photoluminescence
characteristics of Dy*" ions at different concentrations.

2. Experimental Part

5x103 mol/L as a specific concentration and 5
minutes as the reduction period after the boiling point
were used to create the Ag colloids [29]. Dy*" ions were
obtained from Aldrich's 99.9% Dysprosium Chloride
Hexahydrate (DyCls.6H20). 1.0x107" mol\L was
obtained by dissolving 0.377 gm of DyCl3.6H,O
powder in deionized water to create various
concentrations of Dy’' solutions. A dilution was
achieved to prepare other concentrations 2.0x1072,
35x1073, and 55%1073 mol\L [30].

Ag:Dy** embedded PVA at a molecular weight of
10000 g/mol (BDH Chemicals, England) were
prepared. 1.5 g of PVA powder was added into 10 mL
of distilled water and let to swell for 24 hours at
ambient temperature. 2 mL of both silver (Ag) colloids
and DyCl3.6H,O solution were added to the polymeric
solution and stirred continuously during the entire
process. The final solution was meticulously dispensed
into flat glass plate dishes. The procedure was
conducted multiple times using varying concentrations
of Dy*" solutions. Homogenous films were obtained
following 36 hours drying period in an air oven at 40°C
as illustrated in Fig. (1). The films thicknesses were
measured and found to be in the range of 25+5um.

(@ (b) (©)
Fig. (1) Photos of (a) pure PVA film, (b) AgNPs-doped PVA film
prepared specific concentration (5x10° > M), (c) Ag-Dy** co-
doped PVA film prepared at 0.0086% Dy>* ions and at specific
concentration (5x10™3 M) of AgNPs
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3. Results and Discussions

In order to investigate the structural behavior of
AgNPs within the PVA matrix, Fourier transform
infrared (FTIR) spectrum was recorded for AgNPs
doped PVA sample as shown in Fig. (2). The
vibrational bands at around 3441.88, and 1639.43 cm™!
are ascribed to O—H starching and bending modes,
while the bands at about 2905, 1639 and 1050 cm™!, are
assigned to C—H, C = C, and C-O stretching vibrations,
respectively, for PVA [31] Moreover, vibration bands
of AgNPs could arise at wavenumbers around 1018.16,
1364.39 and 1629.5 cm™ [32]. These results give the
primary impression that AgNPs do not have any links
with the PVA network structure, and instead, they may
tend to take positions within the structure as defects.

S
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Fig. (2) FTIR spectrum of polymer embedded with AgNPs film

Figure (3) illustrates the X-ray diffraction (XRD)
pattern of Ag-Dy** co-doped PVA film, acquired using
a PHILIPS micro X-ray Diffractometer operating at
PWI1730. A distinct diffraction peak is noted at
20=20.25°, attributed to the semi-crystalline
characteristics of the PVA polymer, resulting from
robust intermolecular interactions among the PVA
chains facilitated by hydrogen bonding between the
molecules [33]. The crystallization of silver
nanoparticles (AgNPs) has been revealed and it has
been proven through the peak at 20 = 37.9°, and was
compared according to ASTM standards [34]. The
average crystallite size of the AgNPs was estimated
using the Scherrer’s equation, yielding a value of
approximately 7 nm, which confirms the nanoscale
nature of the silver particles.

Figure (4) shows the obtained DyCl; solution's
room-temperature absorption and photoluminescence
spectra at different Dy>" ion concentrations. Eight
bands of Dy*" ion absorption were observed at around
317,352, 365, 374,446, 750, 810, and 911 nm. The 317
nm absorption band can be attributed to the
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61‘115/2—>41\/[17/2, 6P3/2 transitions of Dy34r ions. The bands
at 352, 365 and 446 nm are related to the ®H;sp—*113,
*F12, *Hisn—*Misp, P72 and ®Hisp—*1112 transitions
of Dy** active sites, respectively. The 750, 810, and 911
nm bands are attributed to the C®Hjsp—C°Fsp,
Hys/2—°Fs/2 and °H5,—°F7),, transitions of Dy*" active
sites, respectively [35]. The excitation wavelength of
350 nm from a xenon lamp source in a Shimadzu RF-
5301 PC Spectrofluorophotometer was used to
obtained photoluminescence spectra. The spectra
consist of two bands centered at around 485 nm and 581
nm which are attributed to the 4f-4f transitions;
4Fo,—°Hjs and 4F9/2—>6H|3/2, respectively [36].
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Fig. (3) XRD pattern of Ag-Dy** co-doped PVA film at 0.0086%

Dy*" ions and specific concentration (5x10~% M) of AgNPs
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Fig. (4) The DyCl; solution's absorbance and PL spectra at
different Dy** ion concentrations

Figure (5) shows the absorption spectra of different
Dy** ions concentrations doped PVA films. Eight
absorption bands that correspond to the intra
configurational 4f-4f transitions of the Dy*" ions are
shown. According to the Beer- Lambert law, the
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absorbance increases as the concentration of Dy
increases, this is because the ions' contribution to the
absorption process increases too [37]. The absorption
spectra of Dy**-doped films show slight shifts and band
broadening due to the influence of the PV A host matrix,
which modifies the local environment around the ions
and affects oscillator strengths [38,39].
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Fig. (5) The absorption spectra of different concentrations Dy**
doped PVA films

On the other side and for the same set of samples,
the photoluminescence spectra of Dy** doped PVA
films at different concentrations of Dy** ions are shown
in Fig. (6). The emission bands at 575 nm and 482 nm
are caused by the transitions “Fo,—°H;3» and
4F9/2—>6H15/2, while the band at “Fop—°H;3n a
hypersensitive induced electric dipole transition with
AJ =+2 and AL = +£2 is associated with emission in the
yellow region, where the host environment performs an
essential part, the band at “Fo,—°H s/ in the blue region
is known to be host insensitive and (AJ =0, =1 but 0 —
0 banned) corresponds to the magnetic dipole. The
emission intensity of the sample with a Dy*"
concentration of 0.0086% was higher than that of the
other samples, which is significant. High doping levels
for Dy*" ions produce luminescence quenching, which
increases the likelihood of non-radiative energy
transfer processes including dipole-dipole interactions
and cross-relaxation, this phenomenon is caused by an
increase in non-radiative decay channels [40].

The absorption spectra of Ag-Dy*" co-doped PVA
films at different concentrations of Dy** ions and at
specific AgNPs concentration of 5107 M are shown
in Fig. (7). Each spectra comprises eight absorption
bands, one of which corresponds to the SPR of AgNPs
at 426 nm and the other to the Dy' ions' intra-
configuration 4f-4f transitions [41]. These bands'
existence in Ag-Dy*" co-doped PVA films is a sign of
the ions' spectroscopic activity [42].
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Fig. (6) The PL spectra of Dy** doped PVA films at different
concentrations of Dy*" ions
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Fig. (7) The absorption spectra of Ag- Dy** co-doped PVA films
at specific concentration (5x10° M) of AgNPs and different
concentrations of Dy* ions
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Photoluminescence spectra of the Ag-Dy** co-
doped PVA films in Fig. (8) were obtained by
excitation at a wavelength of 350 nm. It is evident that
the monoliths' PL intensity has grown. A possible
explanation for this could be the local field effect (LFE)
caused by the SPR of metallic nanoparticles. SPR
polaritons are created by an oscillation of electrons
moving across the surface of metal nanoparticles due to
the difference in permittivity between the metal and the
host [43]. Due to these oscillations, a restricted
electromagnetic field is created near the nanoparticles,
increasing the local electric field surrounding them
[44].
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Fig. (8) The PL spectra of Ag-Dy** co-doped PVA films at specific

concentration (5x10~% M) of AgNPs and different concentrations

of Dy** ions

The calculated spectroscopic parameter, for the
transition from the Dy*" ion emission band
*Fon—°Hi3n, is shown in table (1). The
photoluminescence (PL) of PVA nanocomposites
doped with Dy** ions and co-doped with Ag
nanoparticles was analyzed in terms of radiative
lifetime (twq), fluorescence lifetime (tr), quantum
efficiency (qr), and emission cross-section (Gem). For
Dy**-doped PVA, 114 and 1t show a non-monotonic
dependence on Dy*' concentration, mainly due to
concentration quenching from Dy**-Dy*" interactions,
which enhance non-radiative energy transfer and
multiphonon relaxation in the hydroxyl-rich polymer
matrix [45]. In contrast, co-doping with Ag
nanoparticles markedly improves PL performance, as
evidenced by increased qr, tr, and oem [46]. The
emission cross-section was calculated using the
Fiichtbauer—Ladenburg equation (Eq. 1), which has
been widely applied in rare-earth-doped systems to
accurately estimate radiative emission properties [47].
Op = X' / 8 A% Aher. Trad (1
where A, is the peak wavelength within the
fluorescence band, Al is the fluorescence linewidth
(effective)

From the association between peak emission cross-
section (Gem) and Dy** concentrations, it is evident that
the oem begins to increase with the concentration of
Dy*" ions, to a maximum value of 0.0086% (Fig. 9). As
the concentration of Dy’ ions increase, the Gem
decreases. This behavior is caused at high doping
levels, the concentration quenching and luminesces
quenching related to the O-H vibrations of water, for
the co-doped samples, ocm increases as the
concentration of Dy*" ions increases [48]. At higher
Dy*" concentrations, the reduced interionic distance
enhances dipole—dipole interactions and promotes
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cross-relaxation processes between neighboring Dy
ions. According to Dexter-type energy transfer
mechanisms, these interactions introduce efficient non-
radiative decay pathways, leading to concentration
quenching and a decrease in the emission intensity. The
observed photoluminescence enhancement in Ag- Dy>*
co-doped PVA is primarily due to plasmon-induced
local electric field amplification and radiative coupling
effects [49].
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Fig. (9) Peak emission cross-section (6.m) in doped and co-doped
films varies with Dy** ion concentrations

The oscillator strength analysis of Ag-Dy*" co-
doped PVA films shows excellent agreement between
experimental (fop) and calculated (fea) values, with
deviations ranging from 0.13x10% to 0.24x10°,
indicating a high-quality fit of the Judd-Ofelt
theoretical model to the experimental absorption data is
shown in table (2) [50]. Among the -electronic
transitions, ®H;s»—°P7» (A=365nm) exhibits the
highest oscillator strength, reflecting a significant
probability for electric-dipole transitions, followed by
6H15/2—>4111/2, and ®Hjsp—SF3n  with gradually
decreasing strengths, consistent with selection rules
and the multiples structure of Dy>".

The enhancement in the photoluminescence
properties can be further correlated with Judd—Ofelt
intensity parameters (Q2, 4, Q¢) is shown in table (2).
The relatively high €, wvalues indicate increased
asymmetry and covalence around Dy** ions due to
coordination with hydroxyl groups of PVA and the
presence of Ag nanoparticles. This enhanced
asymmetry leads to stronger electric-dipole transitions,
particularly for the hypersensitive transitions of Dy>*
[51].

The photo of the co-doped sample's luminescence
at 350 nm using a diode laser source at 0.0086%
concentrations of Dy*" ions is shown in Fig. (10a). All
of the work's earlier findings suggest that doped
materials have the ability to produce white light when
combined with a UV light source, this ability is
enhanced when silver nanoparticles are present [52].
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Fig. (10) Ag-Dy*" co-doped PVA films at 0.0086% Dy** ions
concentrations and specific concentration of AgNPs 5x10™ 3 M
excited at 350 nm; (a) The photoluminescence photograph using
a diode laser source (b) Chromaticity diagram

According to the chromaticity diagram for
International del'Eclairage (CIE) (Fig. 10b), the Ag-
Dy** co-doped PVA films were determined as x=0.346
and y=0.344. Using the McCamy approximation, the
correlated color temperature (CCT) is calculated to be
approximately 6150 K, indicating daylight white
emission [53]. The estimated color-rendering index
(CRI) is in the range of 92-95, reflecting high-quality
white light. The measured white point is slightly warm
and moderately shifted toward the yellow region
compared to the ideal white point (0.333, 0.333) [53].

The yellow-to-blue emission ratio (Y/B) for the
Ag-Dy*" co-doped PVA sample was estimated to be
approximately 1.11, indicating a slight dominance of
the yellow component over blue. This is consistent with
the observed warm white emission. The sample’s
position on the CIE 1931 chromaticity diagram,
highlighting the Y/B ratio visually. This slight shift is
consistent with previous studies reporting that minor
variations in the host matrix composition or dopant
concentration can influence the chromaticity
coordinates and CCT of rare-earth-doped polymer
films [54].

4. Conclusions

In this study, Dy**-AgNPs co-doped PVA films
exhibited high transparency and thermal stability, along
with a pronounced enhancement in photoluminescence
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intensity, mainly attributed to the localized electric
field generated by the surface plasmon resonance of Ag

nanoparticles,
transitions of Dy**

which strengthens the radiative

ions located within the plasmonic

near-field region. At elevated Dy doping levels, the
reduced interionic distance promotes diople-dipole
interactions and cross-relaxation processes among Dy

ions,

as described by Dexter-type energy transfer

mechanisms. These processes facilitate non- radiative
decay pathways, leading to a reduction in emission
intensity. These findings confirm that Dy**/AgNPs co-
doped PVA films represent a promising platform for
white-light applications.
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Table (1) The PVA films doped with Dy** ions and co-doped with Ag-Dy*" ions spectroscopic parameters

Dy?* ions concentration x10-2 Lo diiie " Co-doped films -
(%) Trad (ms) qr Tt (ms) Gom X 10718 Trad (MS) qr 11 (ms) Ten * 10718
(cm?) (cm?)
15 154 | 0.027 | 0.040 0.21 123 ] 0158 | 0.194 24
0.86 136 | 0.031 | 0.042 0.24 105 | 0301 | 0.316 2.8
0.55 163 | 0.023 | 0.038 0.20 140 | 0411 | 0575 2.1
0.31 192 | 0.037 | 0.071 017 267 | 0973 | 259 11

Table (2) Oscillator strengths and Judd-Ofelt parameters of Ag—Dy** co-doped PVA films

Parameter CH152—P712 CH1s2—4h112 6H152—5F 312
Wavelength, A (nm) 365 446 750
foxp (x107°) 742 5.81 3.12
feal (x107°) [36] 7.18 5.96 3.25
AF = [fexp = feal| (x107°) 0.24 0.15 0.13
Q, (x1072° cm?) 6.12
Q, (x1072° cm?) 2.48
Q6 (x1072° cm?) 1.03
Typical range (x1072° cm?) [37] Q,:5-7,Q4:2-3, Qg 1-2
Interpretation Q, > Q, > Q¢ indicates enhanced asymmetry and covalent character around Dy** ions
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